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This report provides the background 
for and summarizes the main results of 
the 1 8th meeting of the Consultative 
Committee on Electricity (CCE) of the 
International Committee of Weights and 
Measures (CIPM) held in September 
1988. Also included are the most impor- 
tant implications of these results. The 
principal recommendations originating 
from the meeting, which were subse- 
quently adopted by the CIPM, estabUsh 
new international reference standards of 
voltage and resistance based on the 
Josephson effect and the quantum Hall 
effect, respectively. The new standards, 
which are to come into effect starting 
January 1, 1990, will result in improved 
uniformity of electrical measurements 
worldwide and their consistency with 
the International System of Units or SI. 
To implement the CIPM recommenda- 
tions in the U.S. requires that, on 
January 1, 1990, the value of the U.S. 



representation of the volt be increased 
by about 9.26 parts per million (ppm) 
and the value of the U.S. representation 
of the ohm be increased by about 1.69 
ppm. The resulting increases in the U.S. 
representations of the ampere and watt 
will be about 7.57 ppm and 16.84 ppm, 
respectively. The CCE also recom- 
mended a particular method, afBrmed 
by the CIPM, of reporting calibration 
results obtained with the new reference 
standards that is to be used by all na- 
tional standards laboratories. 
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1. Background 

The 18th meeting of the Consultative Committee 
on Electricity (CCE) of the International Commit- 
tee of Weights and Measures (CIPM) was held 
September 27 and 28, 1988, at the International Bu- 
reau of Weights and Measures (BIPM), which is 
located in Sevres (a suburb of Paris), France. NIST 
Director E. Ambler, a member of the CIPM and 
President of the CCE, chaired the meeting and the 
author attended as NIST representative. Some 30 
individuals from 15 countries participated. 

As discussed in this journal in the author's 1987 
report on the 17th meeting of the CCE held at the 
BIPM in September 1986 [1], the CCE is one of 



eight CIPM Consultative Committees which to- 
gether cover most of the areas of basic metrology. 
These Committees give advice to the CIPM on 
matters referred to them. They may, for example, 
form "Working Groups" to study special subjects 
and make specific proposals to the CIPM concern- 
ing changes in laboratory reference standards and 
in the definitions of units. As organizational entities 
of the Treaty of the Meter, one of the responsibili- 
ties of the Consultative Committees is to ensure the 
propagation and improvement of the International 
System of Units or SI, the unit system used 
throughout the world. The SI serves as a basis for 
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the promotion of long-term, worldwide uniformity 
of measurements which is of considerable impor- 
tance to science, commerce, and industry. 

However, scientific, commercial, and industrial 
requirements for the long-term repeatability and 
worldwide consistency of voltage and resistance 
measurements often exceed the accuracy with 
which the SI units for such measurements, the volt' 
and the ohm, can be readily realized. To meet these 
severe demands, it is necessary to establish repre- 
sentations' of the volt and ohm that have a long- 
term reproducibility and constancy superior to the 
present direct realizations of the SI units them- 
selves. 

Indeed, as discussed by the author in reference 
[1], in 1972 the CCE suggested that the national 
standards laboratories adopt 483 594 GHzA'^ ex- 
actly as a conventional value of the Josephson fre- 
quency-to-voltage quotient for use in maintaining 
an accurate and reproducible representation of the 
volt by means of the Josephson effect. While most 
national laboratories did adopt this value, three de- 
cided to use different values. Moreover, it has be- 
come apparent that the CCE's 1972 value of this 
quotient is about 8 parts per million (ppm) smaller 
than the SI value, implying that representations of 
the volt based on the 1972 value are actually about 
8 ppm smaller than the volt. 

It has also become apparent that because most 
national standards laboratories base their represen- 
tation of the ohm on the mean resistance of a par- 
ticular group of wire-wound resistors, the various 
national representations of the ohm differ signifi- 
cantly from each other and the ohm, and some are 
drifting excessively. Although the Thompson- 
Lampard calculable capacitor can be used to real- 
ize the ohm with an uncertainty^ of less than 0. 1 
ppm, it is a difficult experiment to perform rou- 
tinely. Hence, the 1980 discovery of the quantum 



' The volt is the SI unit of electromotive force (emf) and electric 
potential difference. Occasionally it may be referred to in the 
hterature as the absolute volt. As-maintained volt, representa- 
tion of the volt, laboratory representation of the volt, "national 
unit of voltage", "laboratory unit of voltage", "practical realiza- 
tion of the volt", and other similar terms are commonly used to 
indicate a "practical unit" for expressing measurement results. 
However, to avoid possible misunderstanding, it is best not to 
use the word unit in this context. The only unit of emf in the SI 
is, of course, the volt. In keeping with references [2] and [3], 
from which this report has drawn heavily, we use the expres- 
sion representation of the volt and variations thereof. The expres- 
sion reference standard of voltage is also used occasionally in a 

similar or related sense. The situation for the ohm and resistance 
is strictly analogous. 

^ Throughout, all uncertainties are meant to correspond to one 
standard deviation estimates in keeping with CIPM Recommen- 
dation 1 (CI-1986) [4,5]. 



Hall effect (QHE) by K. von Klitzing [6] was en- 
thusiastically welcomed by electrical metrologists 
because it promised to provide a method for basing 
a representation of the ohm on invariant fundamen- 
tal constants in direct analogy with the Josephson 
effect. The QHE clearly had the potential of ehmi- 
nating in a relatively straightforward way the 
problems of nonuniformity of national representa- 
tions of the ohm, their variation in time, and their 
inconsistency with the SI. 

To address the problems associated with current 
national representations of the volt and ohm as dis- 
cussed above, the CCE at its 17th meeting 
established through Declaration El (1986),' "Con- 
cerning the Josephson effect for maintaining the 
representation of the volt," the CCE Working 
Group on the Josephson Effect. The CCE charged 
the Working Group to propose a new value of the 
Josephson frequency-to-voltage quotient consistent 
with the SI value based upon all relevant data that 
became available by June 15, 1988. Similarly, 
recognizing the rapid advances made in under- 
standing the QHE since its comparatively recent 
discovery, the CCE established through Declara- 
tion E2 (1986),' "Concerning the quantum Hall ef- 
fect for maintaining a representation of the ohm," 
the Worldng Group on the Quantum Hall Effect. 
The CCE charged the Working Group to (i) pro- 
pose to the CCE, based upon all relevant data that 
became available by June 15, 1988, a value of the 
quantized Hall resistance consistent with the SI 
value for use in maintaining an accurate and stable 
national representation of the ohm by means of the 
QHE; and (ii) develop detailed guidelines for the 
proper use of the QHE to realize reliably such a 
representation.'' 

Further, the CCE stated its intention to hold its 
18th meeting in September 1988 with a view to 
recommending that both the proposed new value 
of the Josephson frequency-to-voltage quotient and 
the proposed value of the quantized Hall resistance 
come into effect on January 1, 1990. These values 
would be used by all those national standards 



' The complete declaration is given in reference [1], but see also 
references [5] and [7]. 

'' The members of the CCE Working Group on the Josephson 
Effect were R. Kaarls, Van Swinden Laboratorimn (VSL), The 
Netherlands; B. P. Kibble, National Physical Laboratory 
(NPL), U.K.; B. N. Taylor, (NIST); and T. J. Witt, Coordinator 
(BIPM). The members of the CCE Working Group on the 
Quantum Hall Effect were F. Delahaye (BIPM); T. Endo, Elec- 
trotechnical Laboratory (ETL), Japan; 0, C, Jones (NPL); V, 
Kose, Physikalisch-Technische Bundesanstalt (PTB), F. R. G.; 
B. N. Taylor, Coordinator (NIST); and B. M. Wood, National 
Research Council of Canada (NRCC), Canada. 
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laboratories (and others) that base their representa- 
tion of the volt on the Josephson effect, and that 
choose to base their representation of the ohm on 
the QHE. These proposals of the CCE were subse- 
quently approved by the CIPM [8] and by the Gen- 
eral Conference of Weights and Measures (CGPM) 
[9] under whose authority the CIPM functions. 

In response to the CCE's directives, each Work- 
ing Group prepared a report which focused on the 
review and analysis of the values of the Josephson 
frequency-to-voltage quotient or quantized Hall re- 
sistance in SI units that were available by June 15, 
1988; and the derivation of a recommended value 
for the purpose of establishing an accurate and in- 
ternationally uniform representation of the volt and 
of the ohm based on the Josephson effect and on 
the quantum Hall effect, respectively. Submitted to 
the CCE in August 1988, the reports include useful 
background information as well as a discussion as 
to how the new representations might be used in 
practice to express calibration results. In keeping 
with the CCE's charge, the QHE Working Group 
also prepared a companion report entitled "Techni- 
cal Guidelines for the Reliable Measurement of the 
Quantized Hall Resistance." Because unbiased 
quantized Hall resistance determinations are re- 
quired for an accurate and reproducible representa- 
tion of the ohm based on the QHE, these guidelines 
are of exceptional importance.^ 



2. CCE 18th Meeting Discussion and 
Principal Decisions 

As an aid to the reader, this section of the report 
also includes some tutorial information. 



2.1 Josephson Effect 

2.1.1 Definition of Josephson Constant When a 
Josephson junction is irradiated with microwave 
radiation of frequency /, its current vs voltage 
curve exhibits steps at highly precise quantized 
Josephson voltages Uj. The voltage of the rath step 
Uj(n), n an integer, is related to the frequency of 
the radiation by 



U,{ri)=nf/K„ 



(1) 



^ The complete reports of the Josephson and Quantum Hall Ef- 
fect Working Groups including the "Technical Guidelines" 
(Rapports BIPM 88/77, 88/8, and 88/9) will appear in the pro- 
ceedings of the CCE's 1 8th meeting [2]. Additionally, a com- 
bined, somewhat condensed version of the two reports may be 
found in reference [3] and the "Technical Guidelines" in refer- 
ence [10]. 



where K] is commonly termed the Josephson fre- 
quency-to-voltage quotient [11]. The Working 
Group on the Josephson Effect (WGJE) proposed 
that this quotient be referred to as the Josephson 
constant and, since no symbol had yet been 
adopted for it, that it be denoted by Ky It follows 
from eq (1) that the Josephson constant is equal to 
the frequency-to-voltage quotient of the « = 1 step. 

The theory of the Josephson effect predicts, and 
the experimentally observed universality of eq (1) 
is consistent with the prediction, that Kj is equal to 
the invariant quotient of fundamental constants 
2e/h, where e is the elementary charge and h is the 
Planck constant [11]. For the purpose of including 
data from measurements of fundamental constants 
in the derivation of their recommended value of ATj, 
the WGJE assumed that 2e/h =K}. However, Kj is 
not intended to represent the combination of funda- 
mental constants 2e/h. 

2.1.2 Josephson Effect Reference Standard of 
Voltage The CCE reviewed the report from the 
WGJE and discussed at some length the draft rec- 
ommendation El (1988), "Representation of the 
volt by means of the Josephson effect," prepared 
jointly by the WGJE and the Working Group on 
the Quantum Hall Effect. The CCE then agreed: 

(i) to use the term "Josephson constant" with 
symbol Kj to denote the Josephson frequency-to- 
voltage quotient; 

(ii) to accept the WGJE's recommended value of 
K„ namely, ii:j=(483 597.9+0.2) GHzA^, where 
the 0.2 GHzA'^ assigned one-standard-deviation 
uncertainty corresponds to a relative uncertainty of 
0.4 ppm; 

(iii) to use this recommended value to define a 
conventional value of Kj and to denote it by the 
symbol K,_^, so that ii:j_9o=483 597.9 GHzA^ ex- 
actly. (The subscript 90 derives from the fact that 
this new conventional value of the Josephson con- 
stant is to come into effect starting January 1, 1990, 
a date reaffirmed by the CCE.) The CCE also 
noted 

(iv) that since Kj^^ exceeds the CCE's 1972 con- 
ventional value of the Josephson constant by 3.9 
GHzA'^ or about 8.065 ppm, the new representa- 
tion of the volt will exceed that based on the 1972 
value by about 8.065 ppm; and further agreed 

(v) that because the purpose of the new volt rep- 
resentation is to improve the worldwide uniformity 
of voltage measurements and their consistency 
with the SI, laboratories which do not base their 
national representation of the volt on the Joseph- 
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The theory of the QHE predicts, and the experi- 
mentally observed universality of eq (2) is consis- 
tent with the prediction, that i?K is equal to the 
invariant quotient of fundamental constants h/e^ 
[13]. For the purpose of including data from mea- 
surements of fundamental constants in the deriva- 
tion of their recommended value of /?k> the 
WGQHE assumed that h/e^=Rn. However, in 
analogy with Kj, R^ is not intended to represent 
the combination of fundamental constants h/e^. 
2.2.2 Quantum Hall Effect Reference Standard of 
Resistance The CCE reviewed the report of the 
WGQHE and discussed the draft recommendation 
E2 (1988), "Representation of the ohm by means of 
the quantum Hall effect," prepared jointly by the 
two Working Groups. Because of the similarities 
between the QHE and the Josephson effect, the 
review and discussion proceeded expeditiously. In- 
deed, the second half of point (iii) as given here in 
section 2.1.2 on the Josephson effect and all of 
points (v), (vi), and (vii) were viewed by the CCE 
as applying to the quantimi Hall effect as well. 
Also in analogy with the Josephson effect, the 
CCE agreed: 

(i) to use the term "von Klitzing constant" with 
symbol /?k to denote the Hall voltage to current 
quotient or resistance of the / = 1 plateau; 

(ii) to accept the WGQHE's recommended value 
of /?K, namely, Rk=(25 812.807±0.005) CI, where 
the 0.005 Q, assigned one-standard-deviation uncer- 
tainty corresponds to a relative uncertainty of 0.2 
ppm; and 

(iii) to use this recommended value to define a 
conventional value of R^ and to denote it by the 
symbol Rk-9o, so that i?K-9o=25 812.807 fl exactly. 

The same procedure was followed for draft rec- 
ommendation E2 (1988) as for El (1988) regarding 
the Josephson effect. The final CIPM English lan- 
guage version is as follows: 

Representation of the Ohm by Means of the 
Quantum Hall Effect 

Recommendation 2 (CI-1988) 

The Comite International des Poids et Mesiu-es, 
acting in accordance with instructions given in 
Resolution 6 of the 18th Conference Generale des 
Poids et Mesures concerning the forthcoming ad- 
justment of the representations of the volt and the 
ohm. 



considering 

— that most existing laboratory reference stan- 
dards of resistance change significantly with time, 

— that a laboratory reference standard of resis- 
tance based on the quantum Hall effect would be 
stable and reproducible, 

— that a detailed study of the results of the most 
recent determinations leads to a value of 25 812.807 
CI for the von Klitzing constant, i?K> that is to say, 
for the quotient of the Hall potential difference di- 
vided by current corresponding to the plateau / = 1 
in the quantum Hall effect, 

— that the quantum Hall effect, together with 
this value of R^, can be used to establish a refer- 
ence standard of resistance having a one-standard- 
deviation uncertainty with respect to the ohm 
estimated to be 2 parts in 10', and a reproducibility 
which is significantly better, 

recommends 

— that 25 812.807 CI exactly be adopted as a con- 
ventional value, denoted by Rk-9o> for the von Kl- 
itzing constant, /?k> 

— that this value be used from 1st January 1990, 
and not before, by all laboratories which base their 
measurements of resistance on the quantum Hall 
effect, 

— that from this same date all other laboratories 
adjust the value of their laboratory reference stan- 
dards to agree with /?k-9o. 

— that in the use of the quantum Hall effect to 
establish a laboratory reference standard of resis- 
tance, laboratories follow the most recent edition 
of the "Technical Guidelines for Reliable Measure- 
ments of the Quantized Hall Resistance" drawn up 
by the Comite Consultatif d'Electricite and pub- 
lished by the Bureau International des Poids et 
Mesures, 

and is of the opinion 

— that no change in this recommended value of 
the von Klitzing constant will be necessary in the 
foreseeable future. 

2.3 Practical Implementation of Recommendations 

As implied by the discussion of section 1, the 
results of voltage and resistance measurements, ex- 
pressed in terms of representations of the volt and 
ohm based on the Josephson and quantum Hall ef- 
fects, respectively, will have a higher precision 
than the same measurement results expressed in 
terms of the volt and ohm themselves. Indeed, this 
is one of the principal reasons for establishing such 
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son effect should, on January 1, 1990, adjust the 
value of their national volt representation so that it 
is consistent with the new representation. Further, 
this consistency should be maintained by having a 
transportable voltage standard periodically cali- 
brated by a laboratory that does base its representa- 
tion of the volt on the Josephson effect; 

(vi) that even if future, more accurate measure- 
ments of Kj indicate that the recommended value 
differs from the SI value by some small amount, 
the conventional value K}_^ should not be altered. 
Rather, the CCE could simply note the difference 
between a representation of the volt based on K}_^ 
and the volt; and 

(vii) that because an accurate representation of 
the volt is important to science, commerce, and in- 
dustry, laboratories should continue their efforts to 
realize the volt with greater accuracy, either di- 
rectly or indirectly via measurements of fundamen- 
tal constants. This could lead to a significant 
reduction in the uncertainty assigned to the new 
volt representation. 

Having concurred on these points, the CCE ed- 
ited the draft recommendation El (1988) to bring it 
to final form. The following week it was submitted 
to the CIPM for approval at its 77th meeting held 
on October 4-6, 1988, at the BIPM. After some 
minor editorial changes, the CIPM adopted it as its 
own recommendation [12]. The following is the 
English language version (the French language 
version is the official one and is given in references 
[2] and [12]): 

Representation of the Volt by Means of the 
Josephson Effect 

Recommendation 1 (CI-1988) 

The Comite International des Poids et Mesures, 

acting in accordance with instructions given in 
Resolution 6 of the 1 8th Conference Generale des 
Poids et Mesures concerning the forthcoming ad- 
justment of the representations of the volt and the 
ohm, 

considering 

— that a detailed study of the results of the most 
recent determinations leads to a value of 483 597.9 
GHzA'' for the Josephson constant, Kj, that is to 
say, for the quotient of frequency divided by the 
potential difference corresponding to the n — 1 step 
in the Josephson effect, 

—that the Josephson effect together with this 
value of K} can be used to establish a reference 
standard of electromotive force having a one-stan- 
dard-deviation uncertainty with respect to the volt 



estimated to be 4 parts in 10', and a reproducibility 
which is significantly better, 

recommends 

—that 483 597.9 GHz/V exactly be adopted as a 
conventional value, denoted by K}_^, for the 
Josephson constant, Kj, 

— that this new value be used from 1st January 
1990, and not before, to replace the values cur- 
rently in use, 

— that this new value be used from this same 
date by all laboratories which base their measure- 
ments of electromotive force on the Josephson ef- 
fect, and 

— that from this same date all other laboratories 
adjust the value of their laboratory reference stan- 
dards to agree with the new adopted value, 

is of the opinion 

— that no change in this recommended value of 
the Josephson constant will be necessary in the 
foreseeable future, and 

draws the attention of laboratories to the fact that 
the new value is greater by 3.9 GHzA^, or about 8 
parts in 10^ than the value given in 1972 by the 
Comite Consultatif d'Electricite in its Declaration 
E-72. 

2.2 Quantum Hall Effect 

2.2.1 Definition of the von Klitzing Constant The 

QHE is characteristic of certain high mobility 
semiconductor devices of standard Hall-bar ge- 
ometry when in a large applied magnetic field and 
cooled to a temperature of about one kelvin. For a 
fixed current / through a QHE device there are 
regions in the curve of Hall voltage vs gate 
voltage, or of Hall voltage vs magnetic field de- 
pending upon the device, where the Hall voltage 
Un remains constant as the gate voltage or mag- 
netic field is varied. These regions of constant Hall 
voltage are termed Hall plateaus. Under the proper 
experimental conditions, the Hall resistance of the 
/th plateau Rn{i), defined as the quotient of the 
Hall voltage of the /th plateau to the current /, is 
given by 



RHii)=U^iiyi=RK/i, 



(2) 



where / is an integer [13]. Because i?H(0 is often 
referred to as the quantized Hall resistance regard- 
less of plateau number, the Working Group on the 
Quantum Hall Effect (WGQHE) proposed that to 
avoid confusion, the symbol i?K be used as the Hall 
voltage-to-current quotient or resistance of the 
/ = 1 plateau and that it be termed the von Klitzing 
constant after the discoverer of the QHE. It thus 
follows from eq (2) that i?K=-RH(l)- 
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representations.* The question arises, however, as 
to how such measurement resuhs should be re- 
ported in practice. The Working Groups recog- 
nized that the potential for significant confusion 
internationally could best be eliminated by having 
each national standards laboratory adopt the same 
approach. To this end, in their reports the Working 
Groups identified and considered the advantages 
and disadvantages of three different approaches to 
the reporting problem, two of which are both rig- 
orous and correct [2]. In the first, new "practical 
units" "V90" and "II90" are defined; in the second, 
new, so-called "conventional physical quantities" 
for electromotive force (and electric potential dif- 
ference) and resistance, "E^" and "i?9o," are de- 
fined. 

The CCE discussed at length the three ap- 
proaches identified by the Working Groups and 
concluded that there was an alternative solution, 
similar to the Working Groups' third approach, 
that is also rigorous but avoids 

(i) defining new practical units of emf and resis- 
tance that are likely to differ from the volt and ohm 
by small amounts and which would be parallel to 
and thus in competition with the volt and ohm. 
(Defining such units automatically leads to practi- 
cal electrical units for current, power, capacitance, 
etc., thereby giving the appearance that a complete 
new system of electrical units has been established 
outside of the SI.) The CCE's alternative solution 
also avoids 

(ii) defining new conventional physical quantities 
for emf and resistance which are likely to differ 
from traditional or true emf and resistance by small 
amounts. (Defining such quantities automatically 
leads to conventional physical quantities for cur- 
rent, power, capacitance, etc.; and to the peculiar 
situation of, for example, the same standard cell 
having both a conventional emf and a true emf.) 
Further, the alternative solution avoids 

(iii) the use of subscripts or other distinguishing 
symbols of any sort on either unit symbols or quan- 
tity symbols. (With the elimination of such sub- 
scripts and symbols, for example, those denoting 
particular laboratories or dates, the national stan- 
dards laboratories can avoid giving the impression 



' As noted by the CCE [2], the Josephson and quantum Hall 
effects and the values ^j_9o and i?K-9o cannot be used to define 
the volt and ohm. To do so would require a change in the status 
of the permeability of vacuum fio from an exactly defined con- 
stant, thereby abrogating the definition of the ampere. It would 
also give rise to electrical units which would be incompatible 
with the definition of the kilogram and units derived from it. 



to the users of their calibration services that there 
is more than one representation of the volt and of 
the ohm in general use, that there may be signifi- 
cant differences among national realizations of the 
new volt and ohm representations, and that either 
the national realizations or the new representations 
differ significantly from the SI.) 

The CCE's solution, which was affirmed by the 
CIPM at its 77th meeting [12] and which all na- 
tional standards laboratories are requested to fol- 
low, is indicated in the following variation of the 
example given by the CCE [2] (the treatment of 
resistance measurements is strictly analogous): 

The emf E of an unknown standard cell cali- 
brated in terms of a representation of the volt based 
on the Josephson effect and the conventional value 
of the Josephson constant Kj^^xi, may be rigorously 
expressed in terms of the (SI) volt V as (to be 
specific): 



£=(1.018 123 45) V±e, 



(3) 



where e represents the total uncertainty, in volts, 
and is composed of the following two components: 
AjE, the combined uncertainty associated with the 
calibration itself and with the realization of the 
Josephson effect volt representation at the particu- 
lar standards laboratory performing the calibration; 
and A/i, the uncertainty with which the ratio 
Ki_<x^Ki is known (i.e., it is assumed that Ki_^ 
Arj=l±A/5(). According to Recommendation 1 
(CI- 1988), A/4 is 4 parts in 10^ or 0.4 ppm (assigned 
one standard deviation). 

Since, by international agreement, LA is com- 
mon to all laboratories, the two uncertainties LE 
and A/4 need not be formally combined to obtain 
the total uncertainty e but may be separately indi- 
cated. Hence, the measured emf E may be ex- 
pressed as 



£=(1.018 123 45) V+Afi- 



(4) 



for all practical purposes of precision electrical 
metrology and trade, with LA appearing separately 
on the calibration certificate when the precision of 
the calibration warrants it. If, for example, LE/E is 
significantly greater than 0.4 ppm, LA may be 
omitted with negligible effect. 

An example of the wording that might be used 
on a NIST Report of Calibration for a standard cell 
enclosure for the case where LA may not be omit- 
ted and which is a variation of the wording given 
in an example developed by the CCE [2], is as fol- 
lows: 
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Sample Hypothetical NIST Calibration Report 

This standard cell enclosure was received (date) under power at its 
normal operating temperature. 

The values given in the table below are based on the results of daily 
measurements of the differences between the emfs of the cells in this 
standard and those of NIST working standards calibrated in terms of 
the Josephson effect using the new conventional value of the Josephson 
constant internationally adopted for use starting January 1, 1990 (see 
Note A). The measurements were made in the period from (date) to 
(date). 

Cell emf Uncertainty 

number (volts, V) (microvolts, jiV) 

1 1.018 119 85 0.27 

2 1.018 133 77 0.27 

3 1.018 126 42 0.27 

4 1.018 141 53 0.27 

(Information relating to the measurements and their uncertainties to be 
given here.) 

Note A 

The value of the Josephson constant used in this calibration, namely, 
^j-9o=483 597.9 GHz/V exactly, is that adopted by international agree- 
ment for implementation starting on January 1, 1990, by all national 
standards laboratories that base their national representation of the volt 
(i.e., their national "practical unit" of voltage) on the Josephson effect. 
Since all such laboratories now use the same conventional value of the 
Josephson constant while prior to this date several different values were 
in use, the significant differences which previously existed among the 
values of some national representations of the volt no longer exist. 
Moreover, the national standards laboratories of those countries that do 
not use the Josephson effect for this purpose are requested to maintain 
their own national representation of the volt so as to be consistent with 
the above conventional value of the Josephson constant, for example, 
through periodic comparisons with a laboratory that does use the 
Josephson effect. An ideal representation of the volt based on the 
Josephson effect and Kj_go is expected to be consistent with the volt as 
defmed in the International System of Units (SI) to within an assigned 
relative one-standard-deviation uncertainty of 0.4 ppm (0.41 ;liV for an 
emf of 1.018 V). Because this uncertainty is the same for all national 
standards laboratories, it has not been formally included in the imcer- 
tainties given in the table. However, its existence must be taken into 
account when the utmost consistency between electrical and nonelectri- 
cal measurements of the same physical quantity is required. 

2.4 Future Work on Electrical Units Hall effect, led the CCE to adopt the following 

rru -J A t. ^u /-li-id • • formal recommendation which was also approved 

The ideas agreed upon by the CCE as given m , ^, ^tt.», ^ -^ -,-,^. . r.-n 

• * / ••^ • e .. 1 1 1 ..u T !.«•.. by the CIPM at its 77th meeting [121. 

point (vu) in Sect. 2.1.2 on the Josephson effect, ' & l j 

and which apply equally as well to the quantum 

101 



Volume 94, Number 2, March-April 1989 

Journ£il of Research of the National Institute of Standards and Technology 



Realization of the Electrical SI Units 
Recommendation E3 (1988) 

The Comite Consultatif d'Electricite 

recognizing 

— the importance to science, commerce and in- 
dustry of accuracy in electrical measurements, 

— the fact that this accuracy depends on the ac- 
curacy of the reference standards of the electrical 
units, 

— the very close ties that now exist between 
electrical metrology and fundamental physical con- 
stants, 

— the possibility of obtaining more accurate ref- 
erence standards of the electrical units either di- 
rectly from the realizations of their definitions or 
indirectly from measurements of fundamental con- 
stants, and 

— the continuing need to compare among them- 
selves independent realizations of the units and in- 
dependent measurements of fundamental constants 
to verify their accuracy, 

recommends 

— that laboratories continue their work on the 
electrical units by undertaking direct realizations of 
these units and measurements of the fundamental 
constants, and 

— that laboratories pursue the improvement of 
the means for the international comparison of na- 
tional standards of electromotive force and electri- 
cal resistance. 



3. Conclusion 

The apparatus currently being used by the na- 
tional standards laboratories is such that the total 
experimental uncertainty associated with a particu- 
lar national representation of the volt based on the 
Josephson effect generally lies in the range 0.01 to 
0.2 ppm. As a consequence, with the worldwide 
adoption starting January 1, 1990, of the new con- 
ventional value of the Josephson constant ^j_9o, all 
national representations of the volt should be 
equivalent to within a few tenths of a ppm. Simi- 
larly, the total experimental uncertainty associated 
with the measurement of quantized Hall resistances 
also generally lies in the range 0.01 to 0.2 ppm. 
Hence, with the worldwide adoption starting on 
January 1, 1990, of a new representation of the 
ohm based on the QHE and the conventional value 
of the von KJitzing constant i?K-90i all national rep- 
resentations of the ohm should also be equivalent 



to within a few tenths of a ppm. Moreover, these 
new national volt and ohm representations should 
be consistent with the volt and the ohm to better 
than 0.5 ppm. 

In the U.S., the value of the present national rep- 
resentation of the volt maintained by NIST will 
need to be increased on January 1, 1990, by about 
9.26 ppm to bring it into agreement with the new 
representation of the volt. This is sufficiently large 
that literally thousands of electrical standards, 
measuring instruments, and electronic systems 
throughout the Nation will have to be adjusted or 
recaUbrated in order to conform with the new rep- 
resentation. Most other countries will be required 
to make a similar change in the value of their 
present representation of the volt as can be seen 
from figure 1. On the same date, the value of the 
U.S. representation of the ohm maintained by 
NIST will need to be increased by about 1.69 ppm 
to bring it into agreement with the new representa- 
tion of the ohm based on the quantum Hall effect. 
This too is an amount which is of significance to 
many existing standards, instruments, and systems. 
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Figure 1. Graphical comparison of the value of the present rep- 
resentation of the volt of various countries as based on the 
Josephson effect, with the new representation of the volt based 
on the Josephson effect and the CIPM conventional value of the 
Josephson constant Kj-^o which is to come into effect starting 
on January 1, 1990. The value of the volt representation indi- 
cated by "All Other Countries" is based on the conventional 
value of the Josephson constant stated by the CCE in 1972, 
namely, 483 594 GHz/V. The countries that currently use this 
value include Australia, Canada, Finland, F.R.G., G.D.R., 
Italy, Japan, The Netherlands, and the U.K. The BIPM uses this 
value as well, but NIST uses 483 593.420 GHz/V. Thus, as the 
figure shows, on January 1, 1990, the value of the present U.S. 
volt representation will need to be increased by 9.264 ppm to 
bring it into conformity with the new representation. 
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The change required in the value of the national 
representation of the ohm of other countries varies 
between a decrease of a few tenths of a ppm to an 
increase in excess of 3 ppm. 

Since A=V/fi where A is the ampere as defined 
in the SI; and W=VVfi where W is the watt as 
defined in the SI, the 9.264 ppm and 1.69 ppm in- 
crease in the U.S. representation of the volt and of 
the ohm, respectively, imply that on January 1, 
1990, (i) the U.S. representation of the ampere will 
increase by about 7.57 ppm and (ii) the U.S. electri- 
cal representation of the watt will increase by 
about 16.84 ppm. Because an ideal volt representa- 
tion based on the Josephson effect and ^j_9o is ex- 
pected to be consistent with the volt to within an 
assigned relative one-standard-deviation uncer- 
tainty of 0.4 ppm; and an ideal ohm representation 
based on the QHE and -Rk-9o is expected to be con- 
sistent with the ohm to within an assigned one-stan- 
dard-deviation uncertainty of 0.2 ppm, ampere and 
watt representations derived from such ideal volt 
and ohm representations via the above equations 
are expected to be consistent with the ampere and 
watt to within a one-standard-deviation uncer- 
tainty of 0.45 ppm and 0.83 ppm, respectively. 

The CCE strongly believes, and the author fully 
concurs, that the significant improvement in the in- 
ternational uniformity of electrical measurements 
and their consistency with the SI which will result 
from implementing the new representations of the 
volt and ohm will be of major benefit to science, 
commerce, and industry throughout the world; and 
that the costs associated with implementing the 
new representations will be far outweighed by 
these benefits. 
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